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Chiral topological photonics with an embedded quantum emitter
M. Jalali Mehrabad, A.P. Foster,∗ R. Dost, A. M. Fox, M. S. Skolnick, and L. R. Wilson
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, UK
(Dated: December 23, 2019)
Topological photonic interfaces support helical, unidirectional optical modes. When combined
with an embedded quantum emitter, a chiral quantum optical interface is formed. Here, we realise
such an interface by integrating semiconductor quantum dots into a valley-Hall topological photonic
crystal waveguide. We harness the robust waveguide transport to create a ring resonator, which
supports unidirectional modes with measured quality factors up to 2,800. Chiral coupling of quan-
tum dot transitions, with directional contrast as high as 84%, is demonstrated. Stark-tuning of the
transitions is also observed, providing a clear path for device scalability.
I. INTRODUCTION
Nano-photonics concerns the confinement and manip-
ulation of light at the nanoscale. A significant conse-
quence of transverse optical confinement (perpendicular
to the propagation direction) is the presence of an ellip-
tically polarized electric field, which carries spin angular
momentum [1]. When combined with a quantum emit-
ter with a circularly polarised transition dipole moment,
a chiral quantum light-matter interface is realised - spin
and momentum become locked, and the interaction of
photons with the emitter becomes direction-dependent.
Such an interface has a wide range of applications, from
single-photon routers [2, 3] to optical circulators [4] and
isolators [5]. Further intriguing prospects include lever-
aging chirality in quantum spin networks [6] or for en-
tanglement generation [7].
First demonstrated by coupling a semiconductor quan-
tum dot (QD) to a dielectric nanobeam waveguide [8, 9],
the chiral quantum optical interface was subsequently ex-
tended to atomic [10–12] and nano-particle [13] quantum
emitters. More recent developments, however, have re-
turned to the on-chip nano-photonic platform, using sin-
gle QDs coupled to dielectric waveguides [14–18]. A par-
ticular strength of such an approach lies in harnessing
the tightly-confined optical waveguide modes common
to the nano-photonic platform. This has the potential
to enable highly efficient light-matter interactions at the
single-photon level [19, 20], and is therefore of great in-
terest for chiral quantum optics applications.
A concurrent development has seen the rise of topo-
logical photonics as a new paradigm in nano-photonics
research [21–24]. Topological interfaces, formed at the
boundary between topologically-distinct crystals, sup-
port the transport of light in waveguide modes which
are intrinsically unidirectional. Furthermore, in systems
which maintain time-reversal symmetry, the modes have
helical character [25]. This naturally suggests the possi-
bility of a chiral topological photonic interface; the first
such device was recently demonstrated for a QD cou-
pled to a spin-Hall topological photonic crystal waveg-
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uide [18]. A particularly appealing property of topologi-
cal waveguides is their predicted robustness against tight
bends and certain defects [21], which is important for
the formation of low-loss, compact photonic elements. It
is critical, however, that such a waveguide restricts cou-
pling to free-space modes, which is a notable limitation of
current spin-Hall topological waveguides interfaced with
QDs [18, 26]. This can be addressed by instead consid-
ering the valley-Hall topological photonic interface, for
which the interface modes lie below the light line [24, 27].
Here, we realise a chiral quantum optical interface us-
ing semiconductor QDs embedded in a valley-Hall topo-
logical photonic crystal waveguide. Chiral coupling of
single QDs to the waveguide mode is demonstrated, with
a spin-dependent, directional contrast of up to 0.84±0.01
measured. The QDs are shown to emit single photons
which can be energetically tuned using the Stark effect,
enabling future scaling of the system. We investigate the
propagation of light around tight bends in the topologi-
cal interface by creating a compact ring resonator device.
Q factors of up to 2,800 (125,000) are measured (simu-
lated) for a resonator with a circumference of less than
17µm. Finally, we couple the resonator to a bus waveg-
uide, which enables us to demonstrate chiral coupling of
a QD located within the resonator.
II. TOPOLOGICAL WAVEGUIDE DESIGN
Our valley-Hall topological photonic crystal (PhC) is
formed from a honeycomb lattice of circular holes in a
dielectric membrane, with the rhombic unit cell of the
PhC comprising a pair of holes. Considering first the
case of equivalent diameter holes, we plot in Fig.1a the
band structure of the PhC for TE polarisation, revealing
a Dirac cone at the K point (and equivalently at the K ′
point, not shown). The band structure was calculated
using a freely available software package [28]. Next, we
shrink one hole and expand the other, and show that
the resulting PhC supports a bandgap for TE polarized
light (Fig.1b). A key feature of the band structure is the
opposite sign of the Berry curvature at the K and K ′
points. At an interface created by an inversion of the
rhombic unit cells on one side of the PhC, the difference
in Berry curvature leads to the confinement at the in-
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2FIG. 1. (a) Band diagram for a PhC formed from a hexag-
onal array of equivalent-diameter air holes (d=97nm) formed
within a 170nm-thick membrane, which has a dielectric con-
stant of ǫ=11.6. The pitch of the PhC is a=266nm. The
rhombic unit cell is outlined in the accompanying schematic.
(b) Band diagram for a PhC formed from inequivalent diam-
eter air holes (d1=56nm, d2=125nm), as outlined schemat-
ically. The inset shows the Brillouin zone of the PhC.
(c) (i) Projected band diagram for the interface between
topologically-distinct photonic crystals of the type shown in
(b) and shown schematically in the inset. The interface sup-
ports two modes, labelled A and B. (ii) Simulated transmis-
sion coefficient (Norm. trans.) for a 10µm length of the in-
terface. (d) Position-dependence of the Stokes S3 parame-
ter at the interface, evaluated independently for mode A (at
λ=965nm, green circle in (c)) and mode B (at λ=1019nm,
open red circle in (c)). (e) Time-averaged electric field in-
tensity resulting from a (left) σ+ or (right) σ− circularly po-
larised dipole placed at a chiral point of the waveguide cor-
responding to (left) S3=1 or (right) S3=-1. The wavelength
is chosen such that the dipole couples uniquely to mode A
(green circle in (c)).
terface of counter-propagating edge states with opposing
helicity [24]. The band structure of such a waveguide is
shown in Fig.1c(i). The interface supports two modes
labelled A and B, which overlap only in a narrow spec-
tral window. In Fig.1c(ii), we use finite difference time
domain (FDTD) simulations [29] to show that the trans-
mission coefficient for a 10µm-long waveguide is equal to
unity across the full spectral window in which the inter-
face modes exist. In the following, we focus predomi-
nantly on wavelengths corresponding to single mode op-
eration, and in particular the potential for chiral coupling
of embedded quantum emitters to a single optical mode.
To highlight this, we use FDTD to evaluate the Stokes
S3 parameter (the degree of circular polarisation) in the
vicinity of the interface, revealing large areas in which
|S3| → 1 for both modes A and B (see Fig.1d). Then,
we position a circularly-polarised dipole source at a point
of maximum chirality (|S3| = 1) and monitor the waveg-
uide transmission (Fig.1e). Unidirectional emission with
a direction dependent on the dipole polarisation is clearly
predicted in the single mode regime.
III. EXPERIMENTAL RESULTS
A. Topological waveguide operation
Our topological PhC devices are fabricated in a nomi-
nally 170nm-thick GaAs p-i-n membrane, which contains
a layer of embedded InGaAs quantum dots (QDs). A
scanning electron microscope (SEM) image of a represen-
tative topological waveguide is shown in Fig.2a. This par-
ticular waveguide is coupled at either end to nanobeam
waveguides, which are then terminated with grating out-
couplers (OCs) to enable coupling of light to and from
free space. To demonstrate propagation of light along the
interface, we excite the QD ensemble in one OC using a
high power, non-resonant laser (λ = 800nm), and col-
lect the waveguide-transmitted photoluminescence (PL)
from the other OC (see Fig.2b). For reference, PL is col-
lected simultaneously from directly above the excited en-
semble. Broadband transmission through the waveguide
(with a bandwidth of at least 60nm) is clearly seen. The
data suggest that the waveguide transmission (including
the nanobeam - PhC waveguide interfaces, for mode A)
peaks near unity. The decrease in transmission at long
wavelength is the result of impedance mismatch between
the nanobeam mode and mode B of the PhC waveguide.
To demonstrate the tight spatial confinement of mode A
transverse to the direction of propagation, we collect PL
from the same OC while rastering the excitation laser
across the device. In Fig.2c we plot the resulting inte-
grated PL intensity as a function of excitation position,
showing that transmission of QD PL only occurs when
the QD is in close proximity to the interface. The mea-
surement is limited by the spatial resolution of our optical
microscope (∼2µm).
The possibility of future device scaling is central to
the appeal of integrated nano-photonics with QDs. Scal-
ing requires a technique to overcome the intrinsic inho-
mogeneity in emission energy of QDs grown using the
Stranski-Krastanow technique. We show in Fig.2d that
our device is compatible with the use of electrical Stark-
tuning, to control the wavelength of individual QD tran-
sitions. This is of particular interest for extending re-
cent demonstrations of few-QD interactions in waveguide
QED [30, 31] to the chiral regime supported by topologi-
cal interfaces. Furthermore, we employ a Hanbury Brown
and Twiss measurement to show clear single photon emis-
sion from a QD in the topological waveguide (see Fig.2e),
with a g(2)(0) value of 0.09 ± 0.08 (after deconvolution
of the instrument response). This is compatible with the
development of chiral quantum optical interfaces.
3FIG. 2. (a) SEM image of a topological waveguide. The inset
shows more clearly the interface between the topological PhC
waveguide and a nanobeam waveguide. (b) Transmission of
QD PL through the waveguide (blue lower trace). The QD
ensemble is excited in one grating outcoupler (OC) and PL is
collected from the other OC. The PL spectrum obtained by
collecting from above the input coupler is shown for reference
(red upper trace). (c) Integrated PL signal as a function of the
excitation position on the waveguide, overlaid over an SEM
image of the device. The excitation spot size was ∼2µm. A
region on either end of the image is not overlaid with the PL
signal, to aid visualisation of the waveguide. The signal is
collected from one OC. The zero value on the colour scale is
transparent. (d) PL intensity as a function of wavelength and
bias, for a single location on the waveguide. Stark-tuning of
multiple QD transitions is seen. Cts - counts (arb. units).
(e) g2(τ) for a single QD in the waveguide. The left inset
shows a schematic of the experimental setup. The right inset
shows the spectrum of the QD, prior to spectral filtering. BS
- beamsplitter; SF - spectral filter; SNSPD - superconducting
nanowire single photon detector; TCSPC - time correlated
single photon counter; λ - wavelength.
Next, we investigate chiral coupling of QDs located
near the interface. The QDs are optically excited in
the presence of a magnetic field, which is applied in the
Faraday geometry (normal to the sample plane). At the
same time, PL is collected from both OCs. The mag-
netic field lifts the degeneracy of QD transitions via the
Zeeman effect, allowing PL emission from states with
opposite circular polarisation to be spectrally resolved.
The chiral contrast (C) is then evaluated independently
for emission from either OC using the expression [14]
C = (I
σ
+ − I
σ
−)/(I
σ
+ + I
σ
−), where I
σ
+ and I
σ
− refer
to the PL intensity for σ+ and σ− polarised emission, re-
spectively. By considering each OC separately, any vari-
ance in collection efficiency is negated [17]. The resulting
PL spectra for the emission from a single representative
QD, as a function of magnetic field strength, are shown
in Fig.3a. Consider the spectrum acquired from a single
FIG. 3. (a) Normalised PL spectra for a QD exhibiting chi-
ral coupling (contrast 0.58± 0.01), as a function of magnetic
field strength. Red (grey) spectra are taken from the left
(right) OC, respectively. The spectra are offset for clarity.
(b) Normalised PL spectra showing strongly chiral coupling
for a different QD in the same waveguide, in the presence of
a 3T magnetic field in the Faraday geometry. The contrast
is as large as 0.84 ± 0.01. (c) Normalised PL spectra for a
non-chiral QD (contrast 0.04 ± 0.02). In (b) and (c), solid
lines are the result of Gaussian fitting to the data (points).
The fit for (b) includes a broad additional peak to account for
the background signal (individual peak fits given by dashed
lines).
OC at non-zero magnetic field, in which two Zeeman-
split states with asymmetric intensity are observed. This
implies an asymmetry in coupling in one direction for
σ+ and σ− polarised transitions. The asymmetry in the
intensities is seen to reverse when PL is collected from
the other OC. The emission is therefore directional, with
the outcome dependent on the handedness of the circu-
lar polarisation of the emitter (i.e. chiral coupling). The
asymmetry in the emission is strong for all non-zero mag-
netic fields, demonstrating the possibility of energetically
tuning the QD transitions while maintaining the degree
of chiral contrast (0.58 ± 0.01 for this particular QD).
Chiral coupling of a second QD, with a contrast as high
as 0.84±0.01, is shown in Fig.3b. Conversely, PL spectra
for a QD exhibiting very low chiral contrast (0.04±0.02)
are shown in Fig.3c. The variation in the observed con-
trast can be understood as the result of the spatial de-
pendence of the Stokes S3 parameter (shown in Fig.1d)
combined with the random location of QDs within the
waveguide. While the topological modes themselves are
intrinsically helical, chiral coupling is nevertheless pred-
icated on suitable positioning of the quantum emitter
within the waveguide.
4FIG. 4. (a) (Left) SEM image of the resonator, which is
shaded orange. (Centre) SEM of the resonator at higher mag-
nification. (Right) SEM images of the (upper) corner and
(lower) straight side of the resonator, respectively. (b) Simu-
lated longitudinal mode spectrum for the device shown in (a).
The single (multi) mode regions of the underlying waveguide
are labelled A and B (AB). The dispersion of these interface
modes is shown above, to aid visualisation of the different re-
gions. kx - wavevector; a - lattice constant (266nm). (Insets)
Electric field spatial profile in the corner of the resonator for
(left) 954nm and (right) 1018nm.
B. Topological ring resonator
Previous reports have shown that topological waveg-
uides can be robust against bends which maintain the
symmetry of the PhC lattice [18, 24, 27]. To investigate
this, we first use FDTD to simulate a triangular ring res-
onator, created by embedding a triangular array of rhom-
bic unit cells inside a larger array of inverted unit cells
(see Fig.4a). The resulting longitudinal mode spectrum
for a resonator with round-trip path length of ∼16.5µm
is shown in Fig.4b. Approximately equidistant resonator
modes with ∼14nm wavelength separation are predicted
in the spectral window occupied only by waveguide mode
A, while the longer-wavelength single mode regime (re-
gion B) supports two resonator modes with a spacing of
∼7nm. The contrasting mode spacing is consistent with
the difference in the dispersion of modes A and B. In re-
gion AB, the waveguide is multimode, and the resonator
modes are unequally spaced. Simulated quality factors
(Q factors) for region A are < 10, 000, while in region B
the Q factor is as high as 125,000. This difference can
be understood by considering the mode profiles at the
corners of the resonator for short and long wavelengths
FIG. 5. (a) PL spectrum measured from above the resonator,
showing longitudinal modes (indicated in regions A and B
by filled circles). The different regions of the interface mode
structure (A, AB and B) are labelled. (b) (Upper panels)
Spatially-resolved, integrated PL for three different modes
of the same resonator, in regions A, AB and B, respectively
(colour coded in (a)). The integrated PL signal was evaluated
using Lorentzian fitting to the data. PL was collected from
the top left corner of the resonator (green dashed circle). The
excitation spot size was ∼2µm. (Lower panels) Simulated
electric field spatial profiles. (c) PL spectra for a single mode
of the resonator, acquired at the midpoint of each of the three
sides of the resonator, respectively (as labelled in (b)). The
spectra are offset for clarity.
(see insets in Fig.4b). For mode A, the corner is not pro-
tected against backscattering. Instead, the transmission
is governed by a wavelength-dependent resonance effect,
as has been discussed previously for a conventional PhC
waveguide [32]. The net transmission of mode A is rarely
unity, and therefore the Q factor is reduced. On the other
hand, mode B navigates the corner smoothly with min-
imal backscatter, and the resulting resonator Q factors
are significantly higher.
The resonator mode properties are probed experimen-
tally using high power PL measurements. We excite the
ensemble of QDs in the fabricated resonator, creating a
broadband internal light source, and collect PL emitted
from the same location. A representative PL spectrum
is shown in Fig.5a. The discrete modes of the resonator
can be resolved most clearly in the single mode regions of
the waveguide (regions A and B). Q factors up to ∼1,400
(∼2,800) are measured in region A (B), likely limited by
loss. The modes are observed at a shorter wavelength
than that predicted by simulation, most likely due to an
increase in fabricated hole sizes compared with design.
We demonstrate confinement of the modes at the res-
5FIG. 6. (a) SEM image of a representative ring resonator
(RR) coupled to a linear waveguide (Wvg). The topological
waveguide is joined to nanobeam waveguides at either end.
The inset shows a zoomed schematic of the RR-Wvg interface
(dashed blue region in the SEM image). (b) Mode spectrum
measured from above the resonator, and independently from
each OC. The excitation position is given by the red dashed
circle in (a). Ex. - excite; Col. - collect. (c) Low-power
PL spectra as a function of applied magnetic field. The res-
onator is excited from above and PL collected independently
from both OCs. Two chirally-coupled transitions can be seen,
with wavelengths at Bz=0 of 904.8nm and 905.5nm, respec-
tively. The data is normalised independently, either side of
the dashed line.
onator interface by collecting PL emission from one cor-
ner of the resonator, while rastering the excitation laser
across the device. At each excitation position, the PL
spectrum is integrated over three different bandwidths,
corresponding to modes in regions A, AB and B, re-
spectively. The resulting spatially-resolved PL maps are
shown in Fig.5b, accompanied by simulated mode pro-
files. A clear correspondence between experiment and
simulation can be seen. For instance, intensity maxima
(minima) are predicted by the simulation at the resonator
vertices for region A (B), and observed experimentally.
Furthermore, the difference in the simulated spatial con-
finement of the same two modes is also evident in the
experimental data. This is most easily seen by consid-
ering the size of the intensity minimum in the centre of
the PL maps for regions A and B, with the latter being
smaller. To show that the mode spectra are consistent
across the device, we plot in Fig.5c the PL spectrum ac-
quired at the midpoint of each side of the resonator in
region B. The similarity in the spectra confirms that the
mode is distributed along the interface.
Finally, we evanescently couple the topological res-
onator to an adjacent bus waveguide (see Fig.6a). This
enables us to demonstrate chiral coupling of a QD lo-
cated within the resonator. Our results in this regard
are consistent with those reported very recently by Barik
et al. [33]. We first determine the mode spectrum of
the resonator using high power PL, exciting the QD en-
semble away from the resonator-waveguide interface (lo-
cation given by the dashed circle in Fig.6a). The re-
sulting spectrum is shown in the lower trace in Fig.6b.
Then, we collect the signal independently from each OC
whilst exciting PL from the same location on the res-
onator interface. Coupling of the resonator modes to the
bus waveguide can be seen, most clearly for modes in the
wavelength range 900nm to 950nm (upper two traces in
Fig.6b). The excitation power is then reduced so that
single QD lines can be observed, and a magnetic field ap-
plied in the Faraday geometry. The resulting magnetic
field-dependent PL spectra, as measured simultaneously
from the two OCs, are shown in Fig.6c. Chiral coupling
is observed for two different transitions, with an average
chiral contrast of 0.56± 0.03 (0.63± 0.06) for the shorter
(longer) wavelength transition.
IV. CONCLUSION
We have demonstrated a chiral quantum optical inter-
face using semiconductor QDs embedded in a valley-Hall
topological waveguide. The interface has a wide band-
width (∼100nm) and operates predominantly in the sin-
gle mode regime. Chiral contrast of up to 0.84 was mea-
sured for a QD coupled to the waveguide. Propagation
of light around tight bends in the waveguide was sub-
sequently demonstrated by fabrication of a topological
photonic ring resonator, the modes of which have sim-
ulated Q factors up to 125,000 (experimental values up
to 2,800). Coupling of the structure to a bus waveguide
enabled the observation of chiral coupling of a QD within
the resonator.
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